Ballistic spin polarized transport through diluted magnetic semiconductor single and double barrier structures is investigated theoretically using a two-component model. The tunneling magnetoresistance ͑TMR͒ of the system exhibits oscillating behavior when the magnetic field is varied. An interesting beat pattern in the TMR and spin polarization is found for different nonmagnetic semiconductor/diluted magnetic semiconductor double barrier structures which arises from an interplay between the spin-up and spin-down electron channels which are split by the s-d exchange interaction. DOI: 10.1103/PhysRevB.65.115209 PACS number͑s͒: 75.50.Pp, 72.10.Ϫd, 72.90.ϩy, 84.32.Ϫy Spin polarized transport in solid-state systems has generated intense interest as it is the crucial ingredient for spintronics 1,2 and several quantum computation schemes.
Spin polarized transport in solid-state systems has generated intense interest as it is the crucial ingredient for spintronics 1, 2 and several quantum computation schemes. 3, 4 For these applications, a basic requirement is to produce, and sustain, high spin-polarized currents in semiconductors for sufficient long times. Several schemes have been proposed to produce spin injection in semiconductors, such as electrons injected from a ferromagnetic metal into a semiconductor, [5] [6] [7] [8] but the change in device resistance for parallel and antiparallel magnetization is very small. Diluted magnetic semiconductors ͑DMS͒ provides us with a new system in which spin dependent optical and transport properties are expected. The spin-dependent transport and optical properties in DMS systems arise from the s-d exchange interaction between the conduction electron and the localized 3d 5 electrons of the Mn ions which lifts the degeneracy of the spin-up and spindown electron and hole states. 9 Spin dependent optical properties in a DMS spin superlattice was proposed 10 and realized. 11 Spin-dependent tunneling through a DMS junction was also studied theoretically within a mean-field approximation. [12] [13] [14] [15] Very recently, experiments have demonstrated that a robust spin injection through a diluted magnetic semiconductor junction Be x Mn y Zn 1ϪxϪy Se, 16 and a Mn doped p-type GaAs spin aligner was possible in which holes were injected into GaAs in the presence of an in-plane magnetic field. 17 Spin polarization of the injected carriers was detected by the emitted circular polarized light from the holes which recombined with the electrons in the nonmagnetic semiconductor ͑NMS͒ quantum wells. Spin coherence can be maintained in semiconductors over large distances ͑у100 m͒ and for long time ͑up to nanoseconds͒. 18 In this work, we report an interesting oscillating tunneling magnetoresistance ͑TMR͒ and spin polarization ͑SP͒ through NMS/DMS structures. The DMS structure is similar to the sample used in the magneto-optical study of Ref. 11 . We find theoretically that the TMR for the double barrier structure oscillates with increasing magnetic field and exhibits a peculiar beat pattern. The underlying physics of the phenomena arises from the interplay of the spin-up and the spin-down channels which are split by the s-d exchange interaction.
Note that band-structure effects and spin-orbit interaction are not very efficient spin-flip processes for electrons. 19 Egues et al. 13 first presented theoretical results on spin filtering and magnetoresistance through ballistic tunneling junctions. In their seminal work, a peculiar beat pattern in the double NMS barriers with DMS contacts is similar to ours, and they pointed out that the beat pattern is directly related to the peculiar overlap of the s-d spin-split transmission channel. Here we additionally studied double DMS barriers with NMS contacts which we found to exhibit also beat patterns. Furthermore, in our calculation we used a different approach which is more easily applicable to more complicated cases, such as, e.g., the case with an electric bias. In this work we prove that the beat pattern which arises from the superposition of the spin-up and the spin-down channel is a rather general phenomena and can be observed in either NMS double barrier structures with DMS contacts or DMS barriers with NMS contacts. Instead of ZnSe/Zn 1Ϫx Mn x Se structures used in the calculation of Ref. 13 Consider a spin unpolarized electron injected into a NMS/ DMS/NMS single or double barrier structure in the presence of a perpendicular magnetic field. Due to the s-d exchange interaction, an external magnetic field gives rise to a giant Zeeman splitting of the conduction band states which results in a striking difference of the potential profiles seen by the spin-up and the spin-down electron ͑see the insets of the figures͒. 12 In this simple system, the electric current has contributions from spin-up and spin-down channels. Since the sample dimensions are much smaller than the spin coherence length, which may reach up to 100 m in semiconductors, 16, 18 spin-flip processes can be neglected in our system.
The model Hamiltonian of such systems is of the following form:
where S is the spin of the localized 3d 5 electrons of the Mn ions with Sϭ5/2 and s is the electron spin. Here we assume that the magnetic ions are distributed homogeneously in the DMS layers. The exchange term with contact interaction is a strongly localized interaction and acts only on the wavefunction of the electron at a given Mn 2ϩ site. 20 m e * is the electron effective mass, V(z) is the zero magnetic field potential profile of, e.g., ZnSe/Zn 1Ϫx Mn x Se DMS double barrier structures. 11 The vector potential is taken as Aϭ (ϪBy/2,Bx/2,0) and therefore the magnetic field points along the z axis. The third term describes the Zeeman splitting of the electron. The last term in Eq. ͑1͒ denotes the s-d exchange interaction between the electron and Mn ions. can connect the electron wave functions L ϭT R at the boundary, where T is the transfer matrix which has the form
where k j ϭͱ2m e (EϪV j )/ប 2 . When a small bias is applied across the junction, a nonequilibrium electron population will be generated. The current density Jϭ ͚ J can be calculated
where T (n,E F ) is the transmission coefficient of our tunnel structure at the Fermi surface for the different spin orientations, v z ϭបk z /m is the group velocity, 1/2l B 2 is the density of state of each Landau level, l B ϭͱប/eB is the magnetic length, f 0 is the equilibrium distribution function of the conduction band electrons, and we use the approximation Ϫ‫ץ‬ f 0 /‫ץ‬EϷ␦(EϪE F ) which is valid for k B TӶE F . The low-temperature conductance is given by
where
ϭJ sϪd ͗S z ͘ is the giant Zeeman splitting, E n ϭ(nϩ1/2)ប c is the energy of the Landau level. In our formalism, the total conductivity is the sum of the conductivity of each Landau level at the Fermi surface and this for each spin state. The degree of spin polarization ͑SP͒ of the current density is defined by
͑5͒
Here J ↑ (J ↓ ) is the spin-up ͑spin-down͒ current density of the spin-polarized current.
The magnetoresistance ͑TMR͒ as a result of tunneling through the NMR/DMS structures is defined by
Here J ↑ (J ↓ ) is the spin-up ͑spin-down͒ current density of the spin-polarized current. Figure 1 depicts how the TMR ⌬R/R varies with magnetic field in a DMS single barrier structure with NMS contacts for different thicknesses of the DMS layer. There is a striking similarity between our results and Fig. 3 of Ref. 13 . The inset shows the spin polarization P(SP) versus magnetic fields. From this figure, we find that the TMR, on the average, decreases and oscillates with increasing magnetic field. The oscillations of the TMR and the SP are weakened by increasing the DMS barrier thickness. These oscillations are mainly attributed to the oscillation of the spin-down conductivity component ↓ / 0 which is enhanced ͑weakened͒ by increasing magnetic field ͑the thickness of the DMS layer͒. The conductivity ↓ / 0 of the spin-down component is larger than that of the spin-up component, since the barrier height seen by the spin-up electron is higher than that seen by the spin-down electron due to the magnetic field-induced s-d exchange interaction. Therefore the spin-polarization increases and saturates with increasing magnetic field and barrier thickness.
In Fig. 2 we plot the TMR ⌬R/R as a function of magnetic field in a NMS single barrier structure with DMS contacts. There is a large difference between Figs. 1 and 2 . Notice the almost steplike character in the TMR and the SP when the magnetic field approach as the critical field B c ϳ4 T which is determined by the energy separation between the spin-up electron energy and the Fermi energy. This separation is determined by the magnetic field and the temperature ͓see Eq. ͑1͔͒ and is independent of the thickness of the barrier. This steplike behavior arises from the competition of the spin-up and the spin-down electron conductivity. The oscillating conductivity of the spin-up ͑spin-down͒ electron decreases ͑increases͒ with increasing magnetic field, the spindown channel makes a dominant contribution to the conductivity and the spin-up channel is blocked when the magnetic field is larger than the critical field B c and consequently leads to a step. In the inset of Fig. 2 , the spin polarization also exhibits a steplike behavior versus the magnetic field. Al- In Fig. 3͑a͒ , we find that the tunneling magnetoresistance ͑TMR͒ ⌬R/R of a NMS double barrier ͑DB͒ structure with DMS contacts oscillates as a function of the magnetic field. A similar behavior is also observed in the spin polarization ͓see the inset of Fig. 3͑a͔͒ . A peculiar beat pattern is directly related to the superposition of the s-d spin-split transmission channels which were found by Egues et al. 13 Here we discuss this behavior in more detail. The oscillating behavior arises from the interplay between the Fermi surface and the position of the Landau levels of the two spin states. When the magnetic field increases, the Landau levels are swept across the Fermi surface one by one resulting in oscillations in the magnetoresistance whose origin is similar to those of Shubnikov de Haas ͑SdH͒ oscillations. In contrast to the usual SdH oscillations the s-d exchange interaction leads to a giant Zeeman splitting at low temperature, and this splitting increases with increasing magnetic field which saturates for strong magnetic field which leads to an usual pattern of oscillations. The beating is a result of the fact that the total current is composed of spin-up and spin-down components which are split by the s-d exchange interaction. The interplay between the spin-up and spin-down channels results in the beat pattern in the magnetoresistance. This is clearly demonstrated in Fig. 3͑b͒ where we show the total conductivity ͑the thick curve͒ and the spin-up ͑dotted͒ and spindown ͑dashed͒ components. The phase difference of the oscillating conductivities of the spin-up and spin-down channels varies with increasing magnetic field, therefore the reduction and enhancement of the oscillating conductivity of the spin-up and spin-down channels lead to the beat pattern of the total TMR through the NMS double barriers with DMS contacts.
Figures 4͑a͒ and 4͑b͒ show the TMR ⌬R/R as a function of magnetic field for DMS double barriers with NMS contacts which have not been studied in Ref. 13 . The inset of Fig. 4͑a͒ shows the spin polarization versus the magnetic field. Similar oscillating and beat behaviors as in Fig. 3͑a͒ can be found in this figure. Comparing these results with Figs. 3͑a͒ and 3͑b͒, the beat patterns in the TMR and the SP are weakened since the difference between the spin-up and the spin-down electron conductivities varies slowly with increasing magnetic field for the DMS double barriers with NMS contacts.
In conclusion, we studied theoretically the s-d exchange interaction in DMS single and double barrier structures. Our theoretical results demonstrate that the oscillating TMR in DMS double barrier structures can be controlled by an external magnetic field which was first observed by Egues et al. 12, 13 The beat pattern in TMR arises from the interference between the spin-up and spin-down channels. The spin polarization also exhibits an oscillating behavior when the thickness of the DMS layer changes. Notice that the NMS/ DMS structures used in our calculation are already realized experimentally in recent magneto-optical studies, but at present no transport measurements on such structures are available. Our results clearly illustrate that the spin polarization of the tunneling current can be tuned in magnitude and sign by changing the external magnetic field and/or the width of the tunneling barrier. Such systems are extremely attractive from the point of view of both basic research and technological applications, such as, e.g., in spin switches and spin transistors.
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